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10.3: Acid-base reactions a la Brgnsted

4P Learning Objectives

Make sure you thoroughly understand the following essential ideas which have been presented above. It is especially important that you know the precise meanings of all the highlighted terms in
the context of this topic.

o Explain the difference between the Arrhenius and Bronsted-Lowry concepts of acids and bases, and give examples of an acid and a base in which the Arrhenius concept is inapplicable.
« Explain why a hydrogen ion cannot exist in water.

o Given the formula of an acid or base, write the formula of its conjugate.

o State the fundamental difference between a strong acid and a weak acid.

o Describe the leveling effect, and explain its origin.

 State the factors that determine whether a solution of a salt will be acidic or alkaline.

o Write the equation for the autoprotolysis of a given ampholyte.

In this lesson we develop this concept and illustrate its applications to "strong" and "weak" acids and bases, emphasizing the common theme that acid-base chemistry is always a competition between
two bases for the proton. In the final section, we show how the concept of "proton energy" can help us understand and predict the direction and extent of common types of acid-base reactions without
the need for calculations.

Proton donors and acceptors

The older Arrhenius theory of acids and bases viewed them as substances which produce hydrogen ions or hydroxide ions on dissociation. As useful a concept as this has been, it was unable to explain
why NHj, which contains no OH™ ions, is a base and not an acid, why a solution of FeCly is acidic, or why a solution of Na,S is alkaline. A more general theory of acids and bases was developed by
Franklin in 1905, who suggested that the solvent plays a central role. According to this view, an acid is a solute that gives rise to a cation (positive ion) characteristic of the solvent, and a base is a
solute that yields a anion (negative ion) which is also characteristic of the solvent. The most important of these solvents is of course H,O, but Franklin's insight extended the realm of acid-base
chemistry into non-aqueous systems as we shall see in a later lesson.

Bregnsted acids and bases

In 1923, the Danish chemist J.N. Bronsted, building on Franklin's theory, proposed that an acid is a proton donor; a base is a proton acceptor. In the same year the English chemist T.M. Lowry
published a paper setting forth some similar ideas without producing a definition; in a later paper Lowry himself points out that Brgnsted deserves the major credit, but the concept is still widely
known as the Brgnsted-Lowry theory.

An acid is a proton donor and a base is a proton acceptor.

These definitions carry a very important implication: a substance cannot act as an acid without the presence of a base to accept the proton, and vice versa. As a very simple example, consider the
equation that Arrhenius wrote to describe the behavior of hydrochloric acid:

HCl—-H" +A (10.3.1)

This is fine as far as it goes, and chemists still write such an equation as a shortcut. But in order to represent this more realistically as a proton donor-acceptor reaction, we now depict the behavior of
HCI in water by

HCl + H,0 = CI + H,0*

acid  base hydronium
ion

in which the acid HCI donates its proton to the acceptor (base) H,O.

"Nothing new here", you might say, noting that we are simply replacing a shorter equation by a longer one. But consider how we might explain the alkaline solution that is created when ammonia gas
NH; dissolves in water. An alkaline solution contains an excess of hydroxide ions, so ammonia is clearly a base, but because there are no OH- ions in NHj, it is clearly not an Arrhenius base. It is,
however, a Brgnsted base:

NH; + H,0 — NH,* + OH"
base acid

In this case, the water molecule acts as the acid, donating a proton to the base NHj to create the ammonium ion NH,*.
The foregoing examples illustrate several important aspects of the Brgnsted-Lowry concept of acids and bases:

o A substance cannot act as an acid unless a proton acceptor (base) is present to receive the proton;

« A substance cannot act as a base unless a proton donor (acid) is present to supply the proton;

o Water plays a dual role in many acid-base reactions; H,O can act as a proton acceptor (base) for an acid, or it can serve as a proton donor (acid) for a base (as we saw for ammonia.
e The hydronium ion H3O" plays a central role in the acid-base chemistry of aqueous solutions.

Bronsted (1879-1947) was a Danish physical chemist. Although he is now known mainly for his proton donor-acceptor theory of acids and bases (see his original article), he published numerous
earlier papers on chemical affinity, and later on the catalytic effects of acids and bases on chemical reactions. In World War II he opposed the Nazis, and this led to his election to the Danish
parliament in 1947, but he was unable to take his seat because of illness and he died later in that year.

Lowry (1874-1936) was the first holder of the chair in physical chemistry at Cambridge University. His extensive studies of the effects of acids and bases on the optical behavior of camphor
derivatives (specifically, how they rotate the plane of polarized light) led him to formulate a theory of acids and bases similar to and simultaneously with that of Brgnsted.

The Hydronium ion

There is another serious problem with the Arrhenius view of an acid as a substance that dissociates in water to produce a hydrogen ion. The hydrogen ion is no more than a proton, a bare nucleus.
Although it carries only a single unit of positive charge, this charge is concentrated into a volume of space that is only about a hundred-millionth as large as the volume occupied by the smallest atom.
(Think of a pebble sitting in the middle of a sports stadium!) The resulting extraordinarily high charge density of the proton strongly attracts it to any part of a nearby atom or molecule in which there
is an excess of negative charge. In the case of water, this will be the lone pair (unshared) electrons of the oxygen atom; the tiny proton will be buried within the lone pair and will form a shared-
electron (coordinate) bond with it, creating a hydronium ion, H;O". In a sense, H,O is acting as a base here, and the product H;O" is the conjugate acid of water:

HY ion water hydronium ion
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I Owing to the overwhelming excess of H2O molecules in aqueous solutions, a bare hydrogen ion has no chance of surviving in water.

Although other kinds of dissolved ions have water molecules bound to them more or less tightly, the interaction between H* and H,O is so strong that writing “H*(aq)” hardly does it justice, although
it is formally correct. The formula H30" more adequately conveys the sense that it is both a molecule in its own right, and is also the conjugate acid of water.

The equation "HA — H* + A™" is so much easier to write that chemists still use it to represent acid-base reactions in contexts in which the proton donor-acceptor mechanism does not need to be
emphasized. Thus it is permissible to talk about “hydrogen ions” and use the formula H* in writing chemical equations as long as you remember that they are not to be taken literally in the context of
aqueous solutions.

Interestingly, experiments indicate that the proton does not stick to a single H,O molecule, but changes partners many times per second. This molecular promiscuity, a consequence of the uniquely
small size and mass the proton, allows it to move through the solution by rapidly hopping from one H,O molecule to the next, creating a new H3O™ ion as it goes. The overall effect is the same as if
the H30" ion itself were moving. Similarly, a hydroxide ion, which can be considered to be a “proton hole” in the water, serves as a landing point for a proton from another H,O molecule, so that the
OH- ion hops about in the same way.

Because hydronium- and hydroxide ions can “move without actually moving” and thus without having to plow their way through the solution by shoving aside water molecules as do other ions,
solutions which are acidic or alkaline have extraordinarily high electrical conductivities.
Acid-base reactions a la Brgnsted
According to the Brgnsted concept, the process that was previously written as a simple dissociation of a generic acid HA ("HA — H* + A")" is now an acid-base reaction in its own right:
HA+H0 — A~ + H;0° (10.3.2)

The idea, again, is that the proton, once it leaves the acid, must end up somewhere; it cannot simply float around as a free hydrogen ion.
Conjugate pairs
A reaction of an acid with a base is thus a proton exchange reaction; if the acid is denoted by AH and the base by B, then we can write a generalized acid-base reaction as

AH+B— A +BH" (10.3.3)
Notice that the reverse of this reaction,

BH"+A —B+AH" (10.3.4)

is also an acid-base reaction. Because all simple reactions can take place in both directions to some extent, it follows that transfer of a proton from an acid to a base must necessarily create a new pair
of species that can, at least in principle, constitute an acid-base pair of their own.

acid, + base, - base, + acid,

base acd  conjugate conjugate
base acid

In this schematic reaction, base, is said to be conjugate to acid;, and acid, is conjugate to base,. The term conjugate means “connected with”, the implication being that any species and its conjugate
species are related by the gain or loss of one proton. The table below shows the conjugate pairs of a number of typical acid-base systems.

Some common conjugate acid-base pairs

acid base
hydrochloric acid HCl CI- chloride ion
acetic acid CH3CH,COOH CH3CH,COO™ acetate ion
nitric acid HNO3 NO3™ nitrate ion
dihydrogen phosphate ion HyPO4~ HPO4~ monohydrogen phosphate ion
hydrogen sulfate ion HSO4~ S0, sulfate ion
hydrogen carbonate ("bicarbonate") ion HCO3~ Cos* carbonate ion
ammonium ion NH," NH3 ammonia
iron(IIT) ("ferric") ion Fe(H,0)>* Fe(H,0)s0H>"
water H,O OH™ hydroxide ion
hydronium ion H30+ H,0 water

Strong acids and weak acids

‘We can look upon the generalized acid-base reaction

HA + H,0 = A~ + H,0*
acld  base  conjugate conjugate
base acld

as a competition of two bases for a proton:
vase, base,

H,0 IS

If the base H,O overwhelmingly wins this tug-of-war, then the acid HA is said to be a strong acid. This is what happens with hydrochloric acid and the other common strong "mineral acids" HySO4,
HNO3, and HCIO4:

hydrochloric acid HCI + H,0 - CI" + H30*
sulfuric acid H,S04 + H,O — HSO4 + H3O"
nitric acid HNO;3; + H,O -~ NO3~ + H30"
perchloric acid HCIO4 + H,O — ClO4 + H30"

Solutions of these acids in water are really solutions of the ionic species shown in heavy type on the right. This being the case, it follows that what we call a 1 M solution of "hydrochloric acid" in
water, for example, does not really contain a significant concentration of HCI at all; the only real a acid present in such a solution is H;0"!
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1. H30" is the strongest acid that can exist in water;
2. All strong acids appear to be equally strong in water.
The Leveling Effect

The second of these statements is called the leveling effect. It means that although the inherent proton-donor strengths of the strong acids differ, they are all completely dissociated in water. Chemists
say that their strengths are "leveled" by the solvent water.

HCIO, ~CIO,”
@ HNO; —+ NO3~
+ ,
H H,S0, - HSO,
HCl = €I
acid conj. base
H,0* + H,0
conj. acid base

Leveling effect: H;O7 is the strongest
acid that can exist in water

A comparable effect would be seen if one attempted to judge the strengths of several adults by conducting a series of tug-of-war contests with a young child. One would expect the adults to win
overwhelmingly on each trial; their strengths would have been "leveled" by that of the child.

Weak acids

Most acids, however, are able to hold on to their protons more tightly, so only a small fraction of the acid is dissociated. Thus hydrocyanic acid, HCN, is a weak acid in water because the proton is
able to share the lone pair electrons of the cyanide ion CN™ more effectively than it can with those of H,0, so the reaction

HCN + H,O — H;0"+CN~ (10.3.5)
proceeds to only a very small extent. Since a strong acid binds its proton only weakly, while a weak acid binds it tightly, we can say that

Strong acids are "weak" and weak acids are "strong." If you are able to explain this apparent paradox, you understand one of the most important
ideas in acid-base chemistry!

Examples of proton donor-acceptor reactions

reaction acid base conjugate acid

autoionization of water H,O H,0 H,0 H30"
ionization of hydrocyanic acid HCN HCN H,O H30*
ionization of ammonia NH3 in water NH3 H,O NH4*
hydrolysis of ammonium chloride NH*CI NH4" H,0 H30*"

hydrolysis of sodium acetate CH3COO™ Na* H,O CH3CO0O~ CH3COOH
neutralization of HCI by NaOH HCl OH~ H,O
neutralization of NH3 by acetic acid CH3COOH NH3 NH4*

dissolution of BiOCI (bismuth oxychloride) by HCI 2 H30* BiOCl Bi(H,0)3*
decomposition of Ag(NH3)?* by HNO? 2 H30* Ag(NHz),* NH;*
displacement of HCN by CH*COOH CH3COOH CN- HCN

Strong acids have weak conjugate bases

This is just a re-statement of what is implicit in what has been said above about the distinction between strong acids and weak acids. The fact that HCI is a strong acid implies that its conjugate base
CI" is too weak a base to hold onto the proton in competition with either H,O or H30". Similarly, the CN~ ion binds strongly to a proton, making HCN a weak acid.

Salts of weak acids give alkaline solutions

The fact that HCN is a weak acid implies that the cyanide ion CN™ reacts readily with protons, and is thus is a relatively good base. As evidence of this, a salt such as KCN, when dissolved in water,
yields a slightly alkaline solution:

CN~+H,0 —» HCN + OH~

This reaction is still sometimes referred to by its old name hydrolysis ("water splitting"), which is literally correct but tends to obscure its identity as just another acid-base reaction. Reactions of this
type take place only to a small extent; a 0.1M solution of KCN is still, for all practical purposes, 0.1M in cyanide ion.

In general, the weaker the acid, the more alkaline will be a solution of its salt. However, it would be going to far to say that "ordinary weak acids have strong conjugate bases." The only really strong
base is hydroxide ion, OH", so the above statement would be true only for the very weak acid H,O.
Strong bases and weak bases

The only really strong bases you are likely to encounter in day-to-day chemistry are alkali-metal hydroxides such as NaOH and KOH, which are essentially solutions of the hydroxide ion. Most other
compounds containing hydroxide ions such as Fe(OH)3 and Ca(OH), are not sufficiently soluble in water to give highly alkaline solutions, so they are not usually thought of as strong bases.

There are actually a number of bases that are stronger than the hydroxide ion — best known are the oxide ion O?~ and the amide ion NH,™, but these are so strong that they can rob water of a proton:
0* +H,0 ~ 2 OH~
NH;™ + H,O — NH3 + OH™
This gives rise to the same kind of leveling effect we described for acids, with hydroxide ion as the strongest base in water.
I Hydroxide ion is the strongest base that can exist in aqueous solution.
The most common example of this is ammonium chloride, NH4Cl, whose aqueous solutions are distinctly acidic:
NH4" + H,0 —» NH; + H30"
Because this (and similar) reactions take place only to a small extent, a solution of ammonium chloride will only be slightly acidic.
Autoprotolysis

From some of the examples given above, we see that water can act as an acid

CN™ + HyO —» HCN + OH™
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and as a base
NH," + HO - NH3 + H30"

If this is so, then there is no reason why "water-the-acid" cannot donate a proton to "water-the-base":

H,0 + H,0 + H,0* + OH"

acid base conjugate conjugate
acid base

This reaction is known as the autoprotolysis of water.

Chemists still often refer to this reaction as the "dissociation" of water and use the Arrhenius-style equation H,O — H* + OH~as a kind of shorthand. As discussed in the previous lesson, this process
occurs to only a tiny extent. It does mean, however, that hydronium and hydroxide ions are present in any aqueous solution.

Other liquids also exhibit autoprotolysis with the most well-known example is liquid ammonia:

2 NH; — NH,* + NHy™

Even pure liquid sulfuric acid can play the game:

2 H,S0,~ HyS0,* + HSO,

Each of these solvents can be the basis of its own acid-base "system", parallel to the familiar "water system".

Ampholytes

Water, which can act as either an acid or a base, is said to be amphiprotic: it can "swing both ways". A substance such as water that is amphiprotic is called an ampholyte.

As indicated here, the hydroxide ion can also be an ampholyte, but not in aqueous solution in which the oxide ion cannot exist.

H,0* < H,0 < OH « 07

conjugate ampholyte  conjugate
i base

It is of course the amphiprotic nature of water that allows it to play its special role in ordinary aquatic acid-base chemistry. But many other amphiprotic substances can also exist in aqueous solutions.
Any such substance will always have a conjugate acid and a conjugate base, so if you can recognize these two conjugates of a substance, you will know it is amphiprotic.
The carbonate system

For example, the triplet set {carbonic acid, bicarbonate ion, carbonate ion} constitutes an amphiprotric series in which the bicarbonate ion is the ampholyte, differing from either of its neighbors by
the addition or removal of one proton:

ampholyte
HaCO3 HCO3 [:032'
CrT e
--base
HO. o - 2-
N 0.
/C—OH |: \c—UH} \E .
/ —
o o n/
carbonic acid bicarbonate an carbanate ion

If the bicarbonate ion is both an acid and a base, it should be able to exchange a proton with itself in an autoprotolysis reaction:

HCO; + HCO; — HyCO3 +CO% (10.3.6)

Your very life depends on the above reaction! CO,, a metabolic by-product of every cell in your body, reacts with water to form carbonic acid H,CO5 which, if it were allowed to accumulate, would
make your blood fatally acidic. However, the blood also contains carbonate ion, which reacts according to the reverse of the above equation to produce bicarbonate which can be safely carried by the
blood to the lungs. At this location the autoprotolysis reaction runs in the forward direction, producing H,CO3 which loses water to form CO, which gets expelled in the breath. The carbonate ion is
recycled back into the blood to eventually pick up another CO, molecule.

If you can write an autoprotolysis reaction for a substance, then that substance is amphiprotic.

This page titled 10.3: Acid-base reactions a la Breonsted is shared under a CC BY 3.0 license and was authored, remixed, and/or curated by Stephen Lower via source content that was edited to the style and standards of the
LibreTexts platform.
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